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ABSTRACT 1 Ecological impacts of water-quality probleins 
have developed in the western United States resulting 
from the disposal of seleniferous agricultural wastewater in 
wetland areas. Overt effects of selenium toxicosis 
occurred at five areas where deformities of wild aquatic 
birds were similar to those first observed at Kesterson 

National Wildlife Refuge in the west-central San Joaquin 
Valley of California. These areas are: Tulare Lake Bed 
Area, California, Middle Green River Basin, Utah, Kendrick 
Reclamation Project Area, Wyoming, Sun River Basin, 
Montana, and Stillwater Wildlife Management Area, 
Nevada. Potential for ecological damage is indicated at six 
more sites in Oregon, Colorado, the ColoradolKansas 
border, and South Dakota out of 16 areas in 11 states 
where biological tissue data were collected. This 
conclusion is based on the fact that selenium 
bioaccumulated in bird livers to median levels that had 
exceeded or were in the range associated with adverse 
reproductive effects. Selenium concentrations in samples 
of fish and bird eggs support these conclusions at a 
majority of these areas. Reason for concern is also given 
for the lower Colorado River Valley, although this is not 
exclusively a conclusion from these reconnaissance data. 
Biogeochemical conditions and the extent of selenium 
contamination of water, bottom sediment, and biota from 
which this assessment was made are given here. In a 
companion paper, the biogeochemical pathway postulated 
for selenium contamination to take place from natural 
geologic sources to aquatic wildlife is defined. 

In the San Joaquin Valley of California, selenifer- 
ous irrigation drainage water has become a new 
source of environmental pollution (Presser and 
Ohlendorf 1987). Waterlogging of soils by intensive 
irrigation may be remediated by installation of sub- 
surface drains 2.5-3.5 m (8-10 ft) below ground sur- 
face. These drains collect what is essentially a soil 
leachate that contains natural trace elements, includ- 
ing selenium (Se), that have been concentrated by 
physical-weathering in the process of soil formation 
and evapotranspiration. The enrichment of Se, and 
some part of the extensive salinization of soil that 
takes place in the arid climate of the valley, are 
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thought to have their origin in Cretaceous marine 
sedimentary rocks, which historically have been 
shown to be seleniferous in the western United States 
(Trelease and Beath 1949). Current practices of agri- 
cultural wastewater management allow the transfer 
and storage of subsurface drainage to wetland areas. 
This leads to extended exposure of the ecological 
community to Se. The wetlands receiving irligation 
drainage water, in the course of being used as wildlife 
habitat, are then operated as evaporation systems to 
concentrate this agricultural wastewater further, to 
the form of salts, for eventual disposal. The future 
means of disposal of the end product is now an issue 
of concern and controversy in. the San Joaquin Valley 
of California. 

First discovered in 1983, high rates of embryonic 
deformity and death in wild aquatic birds occurred at 
Kesterson National Wildlife Refuge (NWR), the ter- 
minus of the subsurface drains, and was attributed to 
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centrations in filamentous algae, rooted plants, and 
plankton, all postulated to initiate entrance into the 
food chain, were 35-85 pglg Se dry weight. Mean 
concentrations in higher food-chain organisms, in- 
sects and fish, were further enriched at 22-175 pglg 
Se, dry weight. These means were approximately 12- 
130 times those found at Volta Wildlife Management 
Area (WMA), the control site in the San Joaquin Val- 
ley, where Se concentrations for biota were <3 pglg 
dry weight. As the area continued to be impacted, 246 
pglg Se dry weight was eventually reached in the al- 
gae, 108 pglg in plankton, 273 pglg in macrophytes, 
293 pglg in aquatic insects, and 247 pglg in mosquit- 
ofish, the only species of fish remaining in the ponds 
(Presser and Ohlendorf 1987, Saiki and Lowe 1987). 
In the wild aquatic birds, the geometric means for 
livers of adult birds ranged from 20 to 127 pglg Se 
and in eggs from 7 to 70 pglg Se dry weight, depend- 
ing on species. For comparison, mean concentrations 
of bird livers (dry weight) from the Volta WMA 
ranged from 4.4 to 8.8 pglg Se. Mean concentrations 
in eggs (dry weight) from Volta WMA were generally 
<2 pglg, with no abnormalities found. 

The guidelines given for the toxicity of Se do not 
specify its chemical form. The initial uptake of Se into 
the food chain involves a reductive incorporation 
(Cutter 1982), supposedly supported by the rate of 
development of anaerobic conditions. In the Kester- 
son NWR ponds, although Se was mainly in the sel- 
enate form (+6 Se), up to 30% of the total Se in the 
latter ponds was in the selenite form (+4 Se). In re- 
cent experiments with algae, it was found that organic 
Se, in the -2 state, with an amino fraction was pro- 
duced even though the original dosing in the water 
was with selenite (Se+4) or selenate (Se+6) (USFWS 
1990a, Maier and others 1993). This reduced form of 
Se is presumably as the selenoproteins, selenocysteine 
and selenomethionine, in which Se is directly substi- 
tuted for sulfur. This demonstrates that, when intro- 
duced into algae, the metabolic fate of accumulated Se 
is independent of the initial Se species. 

From marine studies in the North and South Pa- 
cific Oceans (Cutter and Bruland 1984), organic se- 
lenide in surface water (<300 m in depth) makes up 
80% of the total dissolved Se and the downward flux 
of particulate Se, found primarily in the -2 oxidation 
state, decreases with depth. The reduced-state or- 
ganic selenide maximum, supposedly consisting of se- 
lenoamino acids, coincides with the maxima of pri- 
mary productivity, suggesting entrance into food- 
chain organisms. This relationship shows that 
bioaccumulation could be currently taking place in 
Ocean water. 

From the freshwater study of Besser and others 
(1993), selenomethionine at waterborne concentra- 
tions of < 1 pgniter have been shown to be bioconcen- 
trated by a factor of 50,000 in algae and 350,000 in 
daphnids, greatly exceeding those measured with 
other Se compounds. Selenium concentrations in tis- 
sue residues for these food-chain organisms ranged 
from 5 to 12 pglg Se dry weight, which is in the range 
of that which is toxic in the diet of fish and birds 
(Heinz and others 1987). Similar concentrations of Se 
were found in biogenic debris from the presentday 
Atlantic Ocean, which contained from 6.6 (zooplan- 
ton fecal pellets) to 8 (surface biogenic particulates) 
pglg Se dry weight (Fowler and Knauer 1986). 

Biological Cycling of Selenium 

The bioaccumulative property of Se may be an es- 
sential function in the cellular metabolism of this ele- 
ment. Termed "bioreactive," it shows a nutrient-type 
distribution in marine environments (Bruland 1983). 
These bioreactive elements are termed as such, since 
they are proposed to be mainly involved in biological 
cycles of the sea (Broecker and Peng 1982). Lipman 
and Waksman (1923) and Shrift (1964) proposed a 
biological Se cycle similar to the cycle for sulfur, in 
which they determined the reductive half and left 
only a portion of the oxidizing half unsubstantiated. 
The characteristics that these cyclable elements have 
in common are that they exist as a gas in at least one 
stage of transformation and that they undergo a 
change in oxidation state (Konetzka 1977). Both these 
conditions are met by Se in biological systems. 

Evidence for the reductive half of the cycle has 
been updated in recent research initiated to elucidate 
possible bacterial processes in bottom sediment from 
San Joaquin Valley evaporation ponds. Bacterial min- 
eralization involving the use of inorganic elements as 
energy sources was found to take place anaerobically 
in cultures. Selenate (Se+6) was reduced to elemental 
Se (SeO) by using the selenate as an electron acceptor 
for bacterial respiration (Oremland and others 1989, 
Macy and others 1989). The laboratory cultures 
turned red with precipitation of elemental Se by bac- 
teria thought to be ubiquitous in nature (Oremland 
and others 1991). The microbes easily reduced 
amounts of Se at nutrient levels (2860 mgniter), 
greater than that occurring in any drainage water. An 
inorganic process however, has yet to be successfully 
proven for the reduction of selenate to elemental Se 
under field conditions. The organic reduction tech- 
nique is a possible way of sequestering Se in sediments 
in the San Joaquin Valley. Fungi that aerobically re- 


























